Most eukaryotic genes express mRNAs with alternative polyadenylation sites at their 3′ ends. Here we show that polyadenylated 3′ termini in three yeast species (Saccharomyces cerevisiae, Kluyveromyces lactis, and Debaryomyces hansenii) are remarkably heterogeneous. Instead of a few discrete 3′ ends, the average yeast gene has an "end zone," a >200 bp window with >60 distinct poly(A) sites, the most used of which represents only 20% of the mRNA molecules. The pattern of polyadenylation within this zone varies across species, with D. hansenii possessing a higher focus on a single dominant point closer to the ORF terminus. Some polyadenylation occurs within mRNA coding regions with a strong bias toward the promoter. The polyadenylation pattern is determined by a highly degenerate sequence over a broad region and by a local sequence that relies on A residues after the cleavage point. Many dominant poly(A) sites are predicted to adopt a common secondary structure that may be recognized by the cleavage/polyadenylation machinery. We suggest that the end zone reflects a region permissive for polyadenylation, within which cleavage occurs preferentially at the A-rich sequence. In S. cerevisiae strains, D. hansenii genes adopt the S. cerevisiae polyadenylation profile, indicating that the polyadenylation pattern is mediated primarily by species-specific factors.
Most eukaryotic genes express mRNAs with alternative polyadenylation sites at their 3′ ends. Here we show that polyadenylated 3′ termini in three yeast species (Saccharomyces cerevisiae, Kluyveromyces lactis, and Debaryomyces hansenii) are remarkably heterogeneous. Instead of a few discrete 3′ ends, the average yeast gene has an "end zone," a >200 bp window with >60 distinct poly(A) sites, the most used of which represents only 20% of the mRNA molecules. The pattern of polyadenylation within this zone varies across species, with D. hansenii possessing a higher focus on a single dominant point closer to the ORF terminus. Some polyadenylation occurs within mRNA coding regions with a strong bias toward the promoter. The polyadenylation pattern is determined by a highly degenerate sequence over a broad region and by a local sequence that relies on A residues after the cleavage point. Many dominant poly(A) sites are predicted to adopt a common secondary structure that may be recognized by the cleavage/polyadenylation machinery. We suggest that the end zone reflects a region permissive for polyadenylation, within which cleavage occurs preferentially at the A-rich sequence. In S. cerevisiae strains, D. hansenii genes adopt the S. cerevisiae polyadenylation profile, indicating that the polyadenylation pattern is mediated primarily by species-specific factors.
3′ end formation | transcription termination | evolution | gene expression | mRNA processing T he 3′ ends of eukaryotic mRNAs are generated by cleavage of the nascent transcript and the addition of A residues, resulting in a polyadenylated tail. In a wide variety of eukaryotic organisms, most genes express mRNAs with alternative polyadenylation sites (1) (2) (3) (4) (5) (6) (7) . In metazoans, poly(A) site selection is determined primarily by an AAUAAA motif in the RNA 10-30 nt upstream of the polyadenylation site (8) (9) (10) . A less-conserved U-rich element downstream of the cleavage site also plays a role in poly(A) site selection (9) (10) (11) . In contrast, sequence preferences for poly(A) site selection in the yeast Saccharomyces cerevisiae are considerably less strict, and several degenerate sequence determinants have been identified: an AU-rich efficiency element located a variable distance upstream of the poly(A) site, an A-rich positioning element 10-30 nt upstream of the cleavage site, and two U-rich sequences, one on each side of the cleavage site (10) (11) (12) . The 3′ end formation near these sites is accomplished by an apparatus of ∼20 proteins organized into subcomplexes including cleavage and polyadenylation factor (CPF), cleavage factor IA (CF1A), and CF1B (11, 13) . However, the precise sequence requirements for polyadenylation are poorly understood, with respect to both why it occurs selectively downstream of the protein-coding region and how specific sites are chosen.
Although the sequence determinants for polyadenylation differ between mammals and S. cerevisiae, it is unknown to what extent the specificity of polyadenylation is conserved. In general, some sequence-dependent processes are conserved, whereas others are not. For instance, there are many examples of transcription factors with indistinguishable DNA-binding specificities and homologous DNA-binding domains in a wide variety of eukaryotic species. Within core promoters, TATA-binding protein (TBP) recognition of the TATA element is functionally conserved from yeast to human, but the Initiator and other downstream promoter elements are not.
Even in cases of conserved sequence-dependent processes, species-specific factors can interpret DNA sequences in different manners. For example, although TBP is the major sequencespecific component of structurally homologous preinitiation complexes, the pattern of mRNA initiation sites varies among species. Similarly, although the general pattern of nucleosome positioning is strongly conserved across yeast species, there are species-specific differences in nucleosome spacing and other parameters (14) . As determined by analysis of foreign yeast DNA (on artificial chromosomes) in S. cerevisiae, most (but not all) aspects of nucleosome positioning are due to species-specific factors (15) . Thus, it is impossible to predict whether the sequences necessary for polyadenylation are conserved across yeast species or to predict whether polyadenylation factors are species-specific for determining polyadenylation sites.
Here, we use direct RNA sequencing to identify polyadenylation sites in three yeast species. In all cases, polyadenylation sites downstream of ORFs are remarkably heterogeneous, and a very small minority of poly(A) sites are located near promoters. In all species tested, the polyadenylation pattern is determined by a highly degenerate sequence over a broad region and by a previously unknown local element that relies on A residues after the cleavage point. In addition, many dominant poly(A) sites are predicted to adopt a common secondary structure that is much less frequently observed among poly(A) sites in general. Despite these overall similarities, the pattern of poly(A) sites differs among these yeast species. Using a functional evolutionary approach involving expression of heterologous genomic regions in S. cerevisiae (15), we demonstrate that polyadenylation factors (and not the underlying sequences) are primarily responsible for the species-specific pattern of poly(A) sites.
Results
Numerous Polyadenylation Sites Occur Within a Wide "End Zone." We used direct RNA sequencing (16) to determine the 3′ ends of polyadenylated RNA isolated from three yeast species growing exponentially in rich medium. In this technique, the poly(A) tail of an individual mRNA molecule is hybridized to an immobilized oligo-dT primer to direct sequencing of the RNA without the need for intermediate amplification or cDNA synthesis. This method obviates biases introduced by PCR amplification, and hence can reveal minor species that would be undetectable by conventional strategies. For each experiment, we generated ∼8 million mapped Author contributions: Z.M., J.V.G., Y.J., X.F., and K.S. designed research; Z.M., J.V.G., Y.J., and X.F. performed research; Z.M. contributed new reagents/analytic tools; Z.M., J.V.G., Y.J., and K.S. analyzed data; and Z.M., J.V.G., and K.S. wrote the paper.
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Data deposition: The sequences reported in this paper have been deposited in the NCBI GEO database (accession no. GSE47661). sequence reads. A similarly sized dataset for S. cerevisiae RNAs has been obtained previously (17) , but not analyzed in the manner described below. This approach measures the steady-state levels of the many individual mRNA isoforms, which result from both their originally produced levels and from their stabilities in vivo.
Although previous studies have generally described a small number of distinct poly(A) sites per gene (18), we observe a striking heterogeneity of mRNA 3′ termini at virtually all S. cerevisiae genes. The genome-wide median is 62 distinct polyadenylated 3′ termini per protein-coding gene; these occur over an unexpectedly wide (median 269 nt) region in the 3′ untranslated region (3′UTR) of the gene (Fig. 1A) . We have termed this window the end zone.
Several observations indicate that the striking heterogeneity reflects real poly(A) sites that are used in vivo and is not an experimental artifact. First, dominant RNA poly(A) species correlate well with termination sites defined in previous work using older, less sensitive technologies (19) . Second, poly(A) sites in coding regions occur at a much lower frequency than in 3′UTRs, and when observed they cluster near the 5′ ends of the mRNAs (see below). Third, because the RNA is sequenced directly from individual molecules without amplification, the minor species are not artifacts of any amplification step. Fourth, many preferred termination sites are surrounded by lesser used sites that occur at comparable levels both upstream and downstream of the preferred site. This is inconsistent with directional artifacts due to systematic errors, such as sequencing erroneously initiating from the penultimate nucleotide instead of the last one before the poly(A) tail. Fifth, the naturally occurring 14-A stretch in the TFC1 locus is insufficient to generate internally primed sequence reads, and we observe essentially no sequence reads just upstream of other poly(dA) stretches that occur in the genome. Lastly, as will be described elsewhere, different mRNA isoforms of the same gene have different half-lives, indicating that they are of biological, as opposed to experimental, origin. Thus, the extreme diversity of mature 3′ ends observed here reflects true promiscuity of the poly(A) machinery within the end zone.
End Zone Properties Differ in Three Yeast Species. The S. cerevisiae end zone has a median length of 269 and ranges from 21 to 399. The median most highly preferred position for polyadenylation is at 121 past the stop codon (Fig. 1B) , but it can occur anywhere within the window. The median most proximal polyadenylated RNA isoform in the 3′UTR is at 36 after the translation stop, and the median most distal poly(A) site occurs at 320 after the translation stop. On average, there are two major polyadenylated isoforms each representing at least 10% of the overall total. The most frequently used poly(A) site in the 3′UTR typically accounts for just 20% of the RNA derived from sites within 400 bp after the ORF end. Thus, >50% of the 3′ ends for a typical S. cerevisiae gene arise from numerous minor poly(A) sites over the entire end zone. Kluyveromyces lactis exhibits a polyadenylation profile largely similar to that of S. cerevisiae, with an end zone of comparable width and a median 47 different poly(A) sites. In contrast, the more evolutionarily distant yeast Debaryomyces hansenii has a distinct profile consisting of end zones beginning closer to the ORF and a higher concentration of signal at the most preferred coordinate (median 29.6% of the total, positioned 88 bp downstream of the translational stop) (Fig. 1B) . In D. hansenii, the span of moderately used sites (≥5% of the most preferred site in a given gene) is appreciably narrower than in S. cerevisiae (42 vs. 79 nt).
Polyadenylation Sites Outside of 3′UTRs Are Biased to the Beginning of the Coding Region. As mentioned above, a small amount of polyadenylation occurs within coding regions, at a level averaging 4% of that observed in the 3′UTR in steady state. Polyadenylation can also occur outside of 3′UTRs in other species, and cryptic poly (A) sites in introns can be suppressed by U1 snRNP, which also plays a role in mRNA isoform selection (20, 21) . Strikingly, polyadenylation within the first 15 nucleotides of the ORF occurs fivefold more frequently than within the rest of the coding region ( Fig. 2A) . In the 3′UTRs of all three yeasts, positions used for polyadenylation are more widely distributed, even though in D. hansenii the distribution of sites is skewed closer to the 3′ end of the ORF (Fig. 2B) . We also observe low-level polyadenylation of snoRNAs and tRNAs, which is suspected to be generated by the TRAMP complex that adds short oligo(A) sequences to abortive RNAs and targets them for degradation (22) (23) (24) . In this regard, sequence preferences surrounding poly(A) sites at tRNAs are very different from those surrounding poly(A) sites at 3′UTRs (see below and Fig. S1 ). However, poly(A) sites at the beginning of the ORF and at snoRNAs have similar sequence preferences to those at 3′UTRs (Fig. S1 ), suggesting that they may arise from the standard polyadenylation machinery.
Sequence Preferences Around Major Polyadenylation Sites. To identify sequence determinants that contribute to poly(A) site selection, we analyzed nucleotide frequencies over the 200-nt sequence centered on the single-most preferred cleavage/polyadenylation position for every protein-coding gene (Fig. 3 A-C ; frequencies of all possible dinucleotides are shown in Fig. S2 ). In S. cerevisiae, the 100 nt region upstream of the cleavage site is slightly enriched in A and U residues relative to the region downstream. In addition, there is an 11-nt A-rich stretch between -24 and -13 relative to the poly(A) site, and U-rich segments upstream (-11 to -1) and downstream of the cleavage site (+7 to +21). These correspond fairly well with the previously identified efficiency, positioning, and U-rich elements (25) . Unexpectedly, the second nucleotide downstream of the cleavage site is very strongly enriched for an A residue, and this enrichment for A continues for an additional three nucleotides. More importantly, these A residues at +2 to +5 are the most critical determinant of relative poly(A) site strength. Although sequence elements more distant from the cleavage site are essentially unchanged between the most preferred and the 10th most preferred cleavage sites for individual genes, the most preferred sites have a much higher frequency of these A residues (Fig. 3D) . As independent confirmation of the functional importance of these A residues, exceptionally dominant poly(A) sites (accounting for >40% of a gene's mRNA molecules, which occurs in ∼300 genes) almost invariably possess an A at +2, and are significantly more enriched for an A at +3 and +4 (Fig. S3 ). In addition, at such dominant poly(A) sites, there is also a significant (P < 10
) enrichment for U residues immediately upstream of the cleavage site.
Despite their considerable evolutionary distance from S. cerevisiae, K. lactis and D. hansenii possess remarkably similar general nucleotide preference patterns in the vicinity of dominant poly(A) sites (Fig. 3 B and C) . All three yeasts share an extreme preference for an A base at the +2 position downstream of the cleavage site. The presence of an A at the +2 position and to a lesser extent at the +3 and +4 positions is a primary determinant of the strength of a particular poly(A) site. As in S. cerevisiae, the most dominant poly (A) sites almost uniformly possess an A in the +2 position. Although the global similarities among the consensus motifs in the three yeasts are striking, some subtle differences are evident upon close inspection, especially close to the cleavage position (Fig. S4) . Unlike K. lactis, in which sequence composition around the cleavage site is nearly identical to that in S. cerevisiae, D. hansenii shows enrichment in A residues and a drop in G/C use immediately upstream of its cleavage sites, consistent with its greater evolutionary divergence from S. cerevisiae.
Motif Scores Predict Preferential Polyadenylation in 3′UTRs. Given that the polyadenylation machinery operates over wide zones with different sequences and that the few critical A residues have limited information content, why does polyadenylation not occur more frequently within the ORF? To address this issue, we generated a position weight matrix of a 51 nt region centered on the most dominant poly(A) sites (Fig. S5) . Based on this matrix, we obtained poly(A) motif scores for all 51 nt regions over the entire genome. Importantly, motif scores are much higher in the 3′UTR than in the ORF, with the highest scores occurring >50 nt after the stop codon (Fig. 3E) . This observation explains why poly(A) sites are much less frequent in ORFs and why end zones typically do not begin immediately after the end of the coding sequence. In accord with this suggestion, in the 46 ORFs whose end zones start particularly close to (within 30 nt of) the ORF end, the motif scores are unusually high in the latter part of the ORF (Fig. 3F) . Conversely, high motif scores are shifted further downstream in the subset of genes whose end zones start most distal from the ORF. Lastly, the motif score is relatively high in the 5′UTR and decreases precipitously after the ATG, consistent with the observation that poly(A) sites are most prevalent in the first few nucleotides of the ORF.
Structural Motif Associated Preferentially with Dominant Polyadenylation
Sites. To determine whether the sequence patterns near favored poly(A) sites are reflective of a structural motif recognized by the polyadenylation machinery, we used mfold (26) to model the RNA secondary structure in the vicinity of dominant and weak sites. Interestingly, many of the most dominant poly(A) sites are predicted to adopt a similar structure in which the poly(A) addition site is within a double-stranded stem and is immediately adjacent to a single-stranded region (Fig. 3G) . Weaker poly(A) sites are predicted significantly less often to conform to this structural motif (P = 4.3 × 10 ), and they do so at a frequency similar to or slightly above the background occurrence of the structure in 3′UTRs. At weak sites that do form the structure, the double-stranded stem encompassing the poly(A) site is significantly less stable than at strong sites (average ΔG -5.7 vs. -7.4, P = 5.7 × 10
−3
). (Fig. 3H ). Although these results clearly indicate a structural component to poly(A) site selection, the specific structures involved in this process remain to be determined.
Transplanted Foreign Yeast DNA Assumes the Polyadenylation Profile of the Host Strain. The subtle distinctions in poly(A) site selection among the yeast species make it possible to test whether RNA sequence or trans-acting factors are the major determinant of cleavage specificity. Specifically, we compared the polyadenylation pattern of large chromosomal segments from D. hansenii that had been introduced into S. cerevisiae (15) with the pattern in the native organism. Strikingly, transplanted D. hansenii loci exhibit a marked change from their native polyadenylation patterns to a more S. cerevisiae-like profile (Fig. 4A) . Specifically, the distribution of significant cleavage sites within their end zones appears markedly wider, with signal distributed over several major sites as opposed to a single dominant one (Fig. 4 B and C) . Overall, native D. hansenii poly(A) sites are poorly correlated with poly(A) sites at the same genes transplanted into a S. cerevisiae context (R = 0.41 vs. R = 0.95 for two biological replicates of S. cerevisiae) (Fig. 4 D and E) . Thus, although the sequence patterns around preferred sites are globally similar in these two species, this overall similarity is insufficient to specify the same polyadenylation pattern. Instead, factors must act differently in each species to produce the poly(A) site distribution. over end zones that are over 200 nucleotides long. There is a remarkable heterogeneity of poly(A) sites within the end zone, and the most used sites within a gene typically account for a minority of the overall mRNA population. In addition, the small minority of poly(A) sites located outside 3′UTRs are biased to the beginning of the ORFs. Lastly, the sequence preferences around the dominant poly(A) sites are extremely similar, although not identical, in the three yeast species.
Despite these broad similarities, the polyadenylation profiles show species specificity. Most significantly, in comparison with S. cerevisiae, D. hansenii end zones begin closer to the ORF, have stronger utilization of the most preferred site, and have a more narrow span of moderately used sites. Using a functional evolutionary approach first developed to analyze the basis of species specificity of nucleosome positioning (15), we show that the polyadenylation profiles of D. hansenii genes in S. cerevisiae are significantly different from those in the endogenous D. hansenii, indicating differential utilization of the RNA sequences in these two species. Furthermore, the overall profile of D. hansenii genes in S. cerevisiae resembles the overall profile of endogenous S. cerevisiae genes, indicating that species-specific factors, not sequence, are primarily responsible for the species-specific profiles.
Although the mechanistic basis of species specificity remains to be determined, the intrinsic specificity of RNA cleavage is unlikely to be a major determinant. This is because (i) the species-specific differences in the pattern relate to the nature and location of the end zone and (ii) the nucleotide preferences are extremely similar among the three species. In accord with this suggestion, the overall D. hansenii profile becomes S. cerevisiae-like when the genes are introduced into S. cerevisiae, and it is inconceivable that this could reflect fortuitous S. cerevisiae-favored sequences at common locations with D. hansenii genes. It is likely that the factors that mediate species specificity are involved primarily in interpreting the sequences that determine the end zone (see below), although we cannot exclude the possibility they might affect mRNA stability.
Selection of Polyadenylation Sites. Our results suggest a two-stage process of polyadenylation. In the first stage, a wide region of the 3′ UTR is permissive to polyadenylation by virtue of its overall sequence (largely AU richness). In the second stage, the relative utilization of sites within this region is determined by how well they conform to sequence and structural preferences surrounding the cleavage site, particularly the A residues between +2 and +5.
For the first stage, there are DNA-based and RNA-based models, and we suggest the following possibilities. In a DNA-based model, the large permissive region may correspond to sequences that cumulatively and progressively slow the rate of RNA Polymerase II (Pol II) elongation, and CPFs require increased Pol II dwell time to carry out their functions. In support of this view, induced pausing of Pol II by G-rich sequences in vitro results in increased polyadenylation of an upstream site (27) , and reducing the in vivo Pol II elongation rate (rpb2-10 mutation or 6-azauracil) causes a pronounced defect in processivity, in which many Pol II molecules fail to traverse the entire gene (28) . As elongating Pol II is intimately associated with the DNA template to preclude spontaneous dissociation, a decrease in processivity very likely involves a cleavage step that leads to Pol II termination and dissociation. Premature transcript cleavage due to a processivity defect may result in polyadenylation within coding regions. In an RNA-based model, the AU-rich region forms distinct types of structures that favor polyadenylation (or inhibits structures that disfavor polyadenylation). Alternatively, the polyadenylation machinery might start the process by recognizing transcriptional elongation complexes with less stable RNA-DNA duplexes with AU-rich sequences and/or complexes with AU-rich RNA sequences extruding from the elongating complex. By any of these models, D. hansenii and S. cerevisiae factors would differentially read the same DNA or RNA sequence.
In the second stage, specific cleavage/polyadenylation sites within the permissive region are favored by virtue of the immediately adjacent sequence composition and secondary structure. One possibility is that such favored motifs preferentially interact with the specificity factor Cft1 (29) . However, consistent with the relatively low information content of the motif surrounding the poly(A) site, the specificity for particular sites is only modest. Instead, the extreme diversity of mature 3′ ends reflects considerable promiscuity of the poly(A) machinery within end zones. After the completion of the present work, extensive poly(A) site diversity was observed by a different method in S. cerevisiae (30) and was also reported in Arabidopsis thaliana (31) , suggesting that such promiscuity of the poly(A) machinery may be widespread in eukaryotes.
It is possible that much of the extreme heterogeneity of poly (A) sites merely reflects biological noise (32) ; that is, biochemical events that occur in vivo as a result of a low-specificity process that has not been subjected to evolutionary optimization. However, cells can alter the distribution of poly (A) sites in response to particular growth conditions (33) , perhaps by changing the expression of specific CF1A components influencing site preference (34, 35) . In addition, the halflives of various minor species within a given gene differ considerably, suggesting a potential biological role. Thus, it seems likely that at least some of the heterogeneity in poly(A) sites could have functional consequences for RNA stability and posttranscriptional events.
Materials and Methods
Yeast Strains. Yeast strain JGY2000, a derivative of BY4741 (ATCC 4040002; MATa, his3Δ0, leu2Δ0, met15Δ0, ura3Δ0, rpb1::RPB1-FRB, rpl13::RPL13-FK512) was grown in YPD medium to OD 600 = 0.6. S. cerevisiae AB1380, D. hansenii (NCYC 2572), K. lactis (CLIB 209), and S. cerevisiae YAC6 and YAC7 strains harboring Yeast Artificial Chromosomes with D. hansenii sequences (15) were grown in rich medium to midlog phase. Cells were harvested and direct RNA sequencing was performed as described (10) . Results from the AB1380 strain were essentially identical to those obtained from JGY2000.
Sequencing. Raw reads were filtered and aligned to the S. cerevisiae (2008 SGD Version 61), D. hansenii (Release 4-2/2012; www.genolevures.org/ download/derived_files/CSV/Deha.csv) or K. lactis (Release 4-2/2012; www. genolevures.org/download/derived_files/CSV/Klla.csv) genome sequences. Reads whose 5′ ends initiated with a T-residue (corresponding to A at the 3′ ends of transcripts) were excluded from analysis, as sequences stemming from cleavage events immediately downstream of A-residues cannot be distinguished from sequences originating from extension of incompletely filled-in poly(A) tails hybridized to poly (dT)-coated surfaces (17) . Approximately 7.5-8.5 million S. cerevisiae, 3.1 million D. hansenii, and 3.4 million K. lactis aligned reads were used to construct gene-specific end zones and to perform various statistical analyses.
Data Analysis. Nucleotide frequencies were computed by using customwritten Python scripts that are available upon request. For determination of patterns surrounding preferred polyadenylation sites, we limited the analysis to genes for which at least 100 sequence reads initiated in the 400 bp region downstream of the ORF. In S. cerevisiae, ∼5,000 genes met this criterion. Sequence motifs were also identified by using MEME (36) . Motif scoring was performed using custom-written Python scripts.
For determination of cleavage frequency within ORFs, we restricted our analysis to ORFs at least 500 bp downstream of any 5′ neighboring genes transcribed on the same strand. For Fig. 3E , we calculated position-specific composition changes at each nucleotide n by measuring the Euclidean distance D n between nucleotide frequencies using the following formula: is the frequency of base i (i = {A,C,G,U}) at maximally preferred coordinates and f k i is the frequency of i at k preferred sites-in this case, the second best, third best, fifth best, and 10th best sites. Fig. 3E in essence represents the plot of D n versus position in the vicinity of the cleavage sites.
Significance of enrichment of the U-rich stretch (-11 to -1) in the dominant sites (>40% of overall 3′UTR signal) relative to the weak sites (2% of signal) was calculated using a Student t test.
RNA secondary structures were modeled and ΔG stability values were calculated using mfold (Version 3.5) (26) , with maximum distances between base pairs constrained to either 200 or 50 nt. Cleavage sites were judged to contain a structural motif if two consecutive bases at positions -1/+1, -2/-1, or -3/-2 were double stranded and positions +2 and/or +3 were in singlestranded conformation. Statistical significance of overrepresentation of strong cleavage sites relative to their weak counterparts was determined with a Fisher's Exact test, whereas the P value for the mean ΔG difference was calculated with a Student's test.
